Background and Purpose-Predictive models of outcome after ischemic stroke have incorporated acute diffusionweighted MRI (DWI) information with mixed results. We hypothesized that serial measurements of DWI infarct volume would be predictive of functional outcome after ischemic stroke. Methods-The prospective Acute Stroke Accurate Prediction (ASAP) Study included a prespecified serial imaging subgroup who underwent DWI studies at baseline (Ͻ24 hours after symptom onset) and Day 5 (Ϯ2 days). DWI infarct volumes were calculated using the Analyze software (Rochester, Minn). Clinical outcomes were assessed at 3 months. Univariate and multivariable regression analysis was performed to assess the relationship between change in DWI lesion volume and excellent neurological outcome (modified Rankin Scale 0, 1, and Barthel Index Ն95). Results-In total, 169 cases from the ASAP study had serial DWI scans with a measurable lesion at baseline, follow-up, or both. The median baseline National Institutes of Health Stroke Scale score was 6 (interquartile range, 3 to 13). For each 10 cm 3 of growth in DWI infarct volume, the OR for achieving an excellent outcome by modified Rankin Scale was 0.52 (95% CI, 0.38 to 0.71) and for the Barthel Index was 0.64 (95% CI, 0.51 to 0.79). Adjusting for clinically important covariates, the OR for an excellent modified Rankin Scale outcome was 0.57 (95% CI, 0.37 to 0.88) and excellent Barthel Index outcome was 0.75 (95% CI, 0.56 to 1.01). Conclusions-Based on these data, the likelihood of achieving an excellent neurological outcome diminishes substantially with growth in DWI infarct volume in the first 5 days after ischemic stroke of mild to moderate severity. Key Words: cerebral ischemia Ⅲ diffusion-weighted imaging Ⅲ prognosis Ⅲ stroke outcome F unctional outcomes after ischemic stroke are variable. Accurate estimates of prognosis can inform patients and families about the likelihood of recovery after stroke. In addition, prognostic estimates can assist with anticipation of rehabilitation needs and may also be useful in clinical trials for selection of potential responders, risk stratification, and to estimate outcomes for patients lost to follow-up. 1 Clinical variables such as age and National Institutes of Health Stroke Scale score have consistently been associated with outcome after ischemic stroke, 2-5 but the usefulness of neuroimaging to predict outcomes has not been definitively established.
F unctional outcomes after ischemic stroke are variable. Accurate estimates of prognosis can inform patients and families about the likelihood of recovery after stroke. In addition, prognostic estimates can assist with anticipation of rehabilitation needs and may also be useful in clinical trials for selection of potential responders, risk stratification, and to estimate outcomes for patients lost to follow-up. 1 Clinical variables such as age and National Institutes of Health Stroke Scale score have consistently been associated with outcome after ischemic stroke, [2] [3] [4] [5] but the usefulness of neuroimaging to predict outcomes has not been definitively established.
Recently, interest has focused on combining clinical and neuroimaging data to develop multivariable risk adjustment models of stroke outcome. Such models may provide greater discriminatory power to predict clinical outcomes than clinical or neuroimaging information alone. Diffusion-weighted MRI (DWI) is able to demonstrate areas of cerebral infarction within hours of symptom onset. 6 Studies of early DWI to predict recovery have resulted in different conclusions. Some have found a strong association between DWI and outcome, 7, 8 whereas others have not supported a strong relation. 9, 10 Previously, we combined commonly collected clinical variables and baseline DWI lesion volume data in an acute ischemic stroke prediction model to determine whether baseline DWI improves the prediction of 3-month outcome. The data suggested that DWI did not have a clinically significant effect on outcome prediction. 11 In the hours to days after stroke, infarct volume is dynamic and influenced by a number of biological factors. 12, 13 In some cases, these changes are likely to have clinical significance 14 that single measurements of infarct volume may not fully capture. The results of our prior investigation of single DWI lesion volume measurements and observations regarding the dynamic nature of cerebral infarction provided the rationale for this study.
The purpose of this study was to estimate the frequency and magnitude of change in DWI infarct volume after stroke and to determine the relationship between change in DWI lesion volume and functional outcome after stroke. Preliminary evidence of a relationship between change in stroke volume and functional outcome would justify the additional time and expense of serial MRI. The study hypothesis was that patients with evidence of significant early infarct growth as measured on serial DWI studies would be less likely to achieve excellent neurological outcomes at 90 days.
Materials and Methods

Study Population and Clinical Variables
The subjects included in this serial imaging study were participants in the Acute Stroke Accurate Prediction (ASAP) study. ASAP was a prospective, observational study designed to provide a validation data set for a previously developed predictive model of outcome after ischemic stroke. 11 Consecutive patients with acute ischemic stroke were enrolled at the University of Virginia over a 5-year period. Eligible subjects were Ն18 years old, received a clinical diagnosis of stroke with symptom onset Յ24 hours prior, did not have a contraindication to brain MRI, did not receive experimental therapy for the ictal event, and did not have pre-existing neurological disease that would confound clinical assessment. All patients underwent baseline clinical examination and brain DWI within 24 hours of symptom onset and each had 90-day clinical follow-up.
The ASAP protocol prespecified an early outcome substudy that included subjects who agreed to undergo follow-up DWI and clinical assessment at hospital discharge or Day 5, whichever was sooner. All ASAP subjects were invited to participate in the early outcome substudy. Positive DWI lesions were defined as hyperintensity on the DWI sequence in a clinically relevant area with a corresponding area of hypoattenuation on the apparent diffusion coefficient sequence. Subjects from the early outcome substudy with complete clinical information and any of the following imaging patterns were included in this ASAP serial imaging study: (1) positive DWI lesion at baseline and follow-up (discharge or Day 5); (2) negative DWI lesion at baseline but positive follow-up scan; or (3) positive DWI lesion at baseline but negative at follow-up. The ASAP serial imaging study eligibility criteria were used to select patients with radiographically confirmed stroke in whom at least one measurement of DWI infarct volume could be made to assess for early change. All subjects were enrolled under the University of Virginia Institutional Review Board-approved protocol and informed consent was obtained in all cases.
Baseline demographic and clinical information were prospectively captured. The National Institutes of Health Stroke Scale score was used to measure clinical stroke severity at the time of initial assessment. 15 Functional outcomes after stroke were measured by the modified Rankin Scale (mRS) 16 and the Barthel Index (BI) 17 at the 3-month follow-up visit. Scores of Յ1 on the mRS and 95 or 100 on the BI were considered to indicate an excellent outcome.
Brain MRI
DWI was performed according to routine clinical practice on a 1.5-Tesla echoplanar scanner (Siemens Vision MRI). Axial DWI images were obtained with the following parameters: echo time 99.1/TA 30/bϭ1000 s/mm 2 , where the b value is the diffusion gradient strength (eg, b1000). Field of view was 240ϫ240. All sequences were obtained with 7-mm section thickness.
DWI infarct volumes were measured by one of 2 readers blinded to clinical outcome using computer-assisted volumetric software (Analyze software 6.1; Biomedical Imaging Resource, Rochester, Minn). A pen-trace method was used to outline the region of interest (ie, area of acute stroke) on each axial image and the total volume was reported in cubic centimeters. In cases of multifocal infarction, the sum of the individual volumes was used. Change in DWI infarct volume was calculated by subtracting the baseline DWI infarct volume from the follow-up DWI infarct volume according to the following formula:
⌬ infarct volume (cm 3 )ϭfollow-up volume (cm 3 )Ϫbaseline volume (cm 3 ). Change in infarct volume as calculated by this formula was termed "growth" and categorized into one of 4 mutually exclusive clinically relevant categories chosen before analysis of the data: (1) Ͻ0 cm 3 (eg, follow-up infarct volume smaller than baseline); (2) Ͼ0 to 10 cm 3 ; (3) Ͼ10 to 20 cm 3 ; and (4) Ͼ20 cm 3 .
Statistical Analysis
All analyses were performed using SAS software Version 9.1 (SAS Institute, Cary, NC 
Results
Serial Imaging Study Population
In total, 209 subjects were enrolled in the ASAP early outcome substudy and underwent follow-up brain MRI. Of these, 169 subjects with a measurable DWI lesion at baseline, follow-up, or both and 3-month clinical outcome assessment were included in the serial imaging study population. Reasons for exclusion were the presence of negative baseline and follow-up DWI imaging (nϭ25), diagnosis of transient ischemic attack (nϭ10), and missing Day 5 clinical information (nϭ5). The baseline characteristics and 90-day outcomes of the serial imaging study population are shown in Table 1 . There were no significant differences in age, gender, stroke severity, time to DWI, or functional outcomes for the subjects included in the serial imaging study (nϭ169) compared with the overall early outcome population (nϭ209). The median baseline volume was 4. 
Brain MRI and Functional Outcomes
Overall, 85% of subjects had measurable infarct growth between baseline and follow-up DWI studies. Twenty-eight percent of subjects had growth of 10 cm 3 or more on follow-up scans. The proportion of subjects within each category of DWI lesion growth was as follows: Ͻ0 cm The frequency of excellent outcomes in relation to category of DWI growth is shown in Table 2. 2 analysis demonstrated a significant association between magnitude of DWI infarct growth and 90-day functional outcome as measured by the mRS (PϽ0.0001) and BI (PϽ0.0001). The proportion of patients with either shrinkage of stroke volume (growth Ͻ0 cm 3 ) or negligible growth (Ͻ10 cm 3 ) on follow-up scans that achieved an excellent outcome by mRS or BI was similar (approximately 70%). The proportion of patients with excellent outcome diminished with greater magnitudes of early DWI infarct growth (Ͼ10 cm 3 ), suggesting a "dose-response" relationship between magnitude of infarct growth and outcome.
Univariate logistic regression analysis found that for each 10 cm 3 of growth in DWI infarct volume, the OR for achieving an excellent outcome by mRS was 0.52 (95% CI, 0.38 to 0.71) and for BI was 0.64 (95% CI, 0.51 to 0.79). These results were highly significant for both outcomes (Pϭ0.0001). The univariate logistic regression model had an area under the receiver operating characteristics curve of 0.74 for the mRS outcome and 0.73 for the BI outcome.
Adjusting for potential confounding covariates in the multivariable model resulted in an OR of 0.57 (95% CI, 0.37 to 0.88) for excellent mRS outcome and 0.75 (95% CI, 0.56 to 1.01) for excellent BI outcome. The adjusted association between DWI growth and mRS excellent outcome remained significant (Pϭ0.01). For BI excellent outcome, the multivariable association did not reach statistical significance (Pϭ0.056), but only slightly missed the critical value. The multivariable model had an area under the receiver operating characteristics curve of 0.86 for the mRS outcome and 0.91 for the BI outcome suggesting excellent discrimination.
Discussion
The ability of stroke volume measurements to add clinically significant information to predictive models of stroke outcome has yet to be definitively established. Single measures of infarct volume used in prior studies 9, 10 may not reflect the true biology of cerebral infarction and do not capture the clinical significance of changes in volume. In this study, measuring the early growth in DWI infarct volume with serial brain MRI revealed a significant association between magnitude of DWI infarct growth and 3-month functional outcomes. Our prospective results from a large ischemic stroke population confirm a similar relationship first reported by Beaulieu et al in a small study of 21 patients. 14 The mechanisms underlying early DWI lesion growth are likely multifactorial. Presumably, a progressive increase in DWI lesion volume reflects expansion of the primary ischemic injury through increasing cytotoxic edema, infarction of tissue at the periphery of the lesion, or both. 14 Although we were not able to assess such a relationship in this study, stroke subtype likely influences early lesion growth. Collateral flow patterns, systemic blood pressure, reperfusion, and excitotoxicity after large vessel occlusions influence early volume change. Infarction due to penetrating artery disease may be less susceptible to early changes in volume because the affected tissue is not able to recruit robust collateral flow from neighboring vascular territories.
The reduced sensitivity of the BI to changes in disability compared with the mRS and other measures of functional outcome likely explain the difference in statistical significance derived from multivariable analyses using the mRS (Pϭ0.01) and BI (Pϭ0.056). The BI is susceptible to a ceiling effect whereby the scale loses discriminatory power at higher levels of functioning. 19 The ASAP population of predominantly mild to moderate strokes had a higher proportion of patients achieve an excellent neurological outcome as measured by the BI (62%) compared with the mRS (54%). The proportion of patients with the greatest increase in DWI growth (Ͼ20 cm 3 ) who did not achieve an excellent outcome by mRS was greater (32 of 35) compared with the BI (27 of 35). Additionally, a greater proportion of subjects achieved an excellent BI outcome despite having the greatest magnitude of infarct growth (Ͼ20 cm 3 ). The rationale for using an absolute difference to calculate infarct growth in this study was 2-fold. The median baseline and follow-up infarct volumes were small (4.6 cm 3 and 7.8 cm 3 , respectively) and calculation of relative changes would have resulted in disproportionately large percentage changes for a given absolute change in volume. In clinical practice, large percentage differences (ie, Ͼ200%) can be difficult to conceptualize. Second, categorization of infarct growth by 10-cm 3 increments provides a unit of change that is simple to visually appreciate. In practice, one can easily estimate if a change in stroke volume of more than 10 cm 3 has occurred by visual inspection of serial scans without the use of sophisticated volumetric software or the need for cumbersome calculations. The absolute volume change threshold for the volume change categories was chosen based on prior data that suggest 10 cm 3 of incremental change is generously outside the range of measurement error. 18 Infarct growth of this magnitude is likely to have biological significance. Although some relevant information may be lost through categorization of infarct growth, the strata are small enough to minimize differences within categories.
This study has several important limitations. The ASAP serial imaging study was a subgroup analysis from the larger ASAP study and as such may have been affected by selection bias. The most common reason for exclusion from the substudy was the absence of an appreciable baseline DWI abnormality. It is possible that subjects with normal DWI had areas of infarction beyond the resolution of the technique or false-negative studies. 20 More likely is the possibility of focal neurological deficits caused by transient ischemic attack or nonischemic etiologies such as migraine or seizures. Although differences in some unmeasured characteristics between subjects enrolled in the substudy and the larger ASAP population may have existed, the lack of significant differences in baseline characteristics reduces the probability of bias significantly affecting these results.
The preponderance of subjects with strokes of mild to moderate severity and relatively small infarct volumes constrain the generalizability of these results. The higher clinical acuity and care requirements of severely affected patients may have reduced the priority of enrolling such patients into 
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an observational research protocol. Additionally, those patients with milder deficits were likely more suitable to undergo serial imaging studies required for enrollment into the early outcome substudy. We cannot make valid inferences from these data regarding those with more severe deficits at stroke onset and it is possible that the relationship between change in infarct volume and functional outcome might be different in those with larger strokes compared with those with smaller strokes. Conversely, the limited range of stroke severity may have reduced the power to detect a stronger multivariable adjusted relationship between stroke volume growth and outcome, particularly for the BI outcome. DWI infarct volume was measured by one of 2 expert readers for each subject. Intra-and interrater reliability data as quantitative measures of reproducibility were beyond the scope of this study. However, a recent study demonstrated that a single expert reader can provide consistent and repeatable measurements of DWI infarct volume using computerized software. 18 The interrater percent difference was Ͻ5% for DWI for a subset of patients in the same study, which minimizes concerns related to measurement error when 2 readers are used to measure stroke volume.
Finally, it is possible that other baseline variables may be associated with clinical outcome at 3 months. Due to the small size of our sample, we were able to adjust for only 7 clinically relevant baseline variables. These variables are recognized to be strongly associated with outcome; however, variables with weaker associates may have been excluded.
Despite these limitations, this study has several important strengths. The prospective enrollment of a large number of consecutive patients with ischemic stroke from a broad stroke population limited biases associated with alternate study designs (ie, retrospective). The large number of patients with protocol-specified follow-up DWI imaging afforded a unique opportunity to study changes in DWI infarct volume after stroke. Previous reports of serial neuroimaging performed after stroke have been largely retrospective and included small numbers of patients. Additionally, collaboration with experienced neuroradiologists and the use of an advanced software package to accurately measure stroke volume enhance the internal validity of the results.
The results of this study provide evidence of a clinically significant relationship between infarct growth as measured by DWI and poststroke functional outcomes. This observation should promote further investigation of the usefulness of change in infarct volume to improve the predictive accuracy of models of stroke outcome. The threshold at which change in stroke volume is biologically significant and the optimal timing of follow-up imaging have yet to be determined. Use of evolving neuroimaging technology may further our understanding of factors relevant to early infarct growth and clinical outcomes. Including the full spectrum of stroke severity in future studies will also help to improve the generalizability of future results.
Summary
These results confirm prior observations that DWI lesions are dynamic in the early hours to days after acute ischemic stroke. The significant association between early change in DWI infarct volume after stroke and functional outcome support the conclusion that the likelihood of achieving an excellent outcome diminishes substantially with growth in DWI lesion volume (Ͼ10 cm 3 ) in the first 5 days after stroke of mild to moderate severity. If these results are replicated in larger data sets that include a broader range of stroke severity, the incorporation of measures of change in early DWI lesion volume may improve the prognostic accuracy of stroke predictive models.
